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ABSTRACT

A high parts count in power conversion ‘1 whcuntrol
systems ulilizing discrete components and a mi» of ¢ia: role
circuits controlled by microprocessors and AS]('s preciudss
rcalization of the highest system reliability due to by h
failure rate, and the highest cfficiency due to various 1o«
mechanisms. In addition, cost, weight and voluinc aic al- o
not optimal duc to large number of discrete devices, and
sometimes ducto control and protection implementativn
schemes. Fortunately, ncw technologies are. onthe hotizn
that offer diamatic improvements in reliability, cost an 3
performance of power conditioners.  Such newtechoologics
arc: SmartPower (S1') and Power Integrated Circuits (t'1Cs),
With increasing voltage and current ratings and high v olume
production of such circuits, these technologies wice the wi ve
of the futurcinproviding high performance low cos tpoviy
conditioning subsystem (PCS) in small to I ug ¢ poww o0
applications. b ffotts arc currently underway ingoveianiom
and industrial organizations 10 realize this goal,

This paper discusses circuit designsusing these devices
that arc suitable for PCSinphotovoltaic and othesindustricd
applications Such as clectricalappliances, instramcntaticn,
AC  motor  drives, battery  chargers, automobil ¢
telecommu nications, UPS, and switch mode powcrsuppliis,
It examines the cost of high volume production and curicnt
technological barricrs associated with the devclopicm of
these technologics. Some U.S. government and inteination «|
programs cutently in place arc presented. Cunien ly
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availablefunding opporivitiesare included. Government-
industry  pavinership  ac bvities required to protnote this
technology  and  extend 3t to  include applications i n
increasingly Lagersystans arc discussed, Currently
available by rdware, their ratings  and manufacturers arc
press nted. Foi pho to voltaic applications, the concept o f
“AC panel” with PCS using SP/PIC hardware and mounted on
the  back of PV pauclfor large sc ale potential
commtrcialization (If self-contained units is being pursued in
the VLS. and other € onntries

Itis concludedthetas Smart Power technology matures, and
available hardware ratingsimcrease, the application market of
the s technologics will expandas a result of increasing
syncrgisin - benween  various  application sectors  and
decicasing production Costs In the mcantime, efforts to
climinate  teclmological  baniers and 10 accelerate
applications st continuc with the help of government
programs, infustry mvestinents and information
dissemination

INTRODUCTION

11 ¢ conversion  of fice and abundantly available solar
eneryy into cost-competitive electrical power has been the
goalofmany v related efloris for over 15 years. In the post-
Testrcolturc AC electiicity is, by far, the most common form
of clectrical powerusein the U.S.Aand in the world.
Utilitic g bave sdopied A (P as a standard of gene ration and



[transmission. Hence, for PV to become a sipmhcin’ powe
supplier, the DC from the PPV must be converted to v |1y
compatible AC power.

The dominant cost driver of a PV system 1. the PV iy
with its costs ranging ftotm $4.()() 108800 pud v
The PV costs is intherange of .$.50 t0$1.50 1 11,000
rated watt output. The other balance-of-systein (BOS) co.1 -
range from $1.00 10 $4.00 per wall, again depending up an
system size, voltape ralings, structure requucuicinls,
system design. with the PCS in a critical pathy  thatdnccily
impacts the size of the array, BOS costs, and the dohveicd
cost of power, it is obvious thatimprovemenisw Iv\
performance can have a positive leveraging eficcton oy
systemsize and cost.

i
alone PV system and intermediate-size PV osysteins 1 st
receive full attention for large scale commercialization fi*v
power. It was also rcalized that a near-terlll focus st be on
small PCS development.  However, development of 1 -churn
size PCSs is imporlant because they arc of convementsize
that can be used independently or as building blocksfor Ly
systems. A single PCS, or multiple PCS’s of thissi¢
operating in parallel, can provide power atcommeicial
complexes or industrial plants,

1 [ was realized that the residential utility-inac tive or .y

Since PV power applications arc currently concentriged s
small  stand-alone PV systems o r intcuncdiae & .d
residential-size utility- interactive systems, the deve oy wne
of low cost, highly ¢ fficient and reliable PCSsinthesmidtio
medium power range is a focal point for assuningtheviahilily
of PV systems as an alternative energy source. Curientelios
in utility-interaclive  BOS dwell on developr nent oof
residential- and intermediate- size PCS hardwase.

Some new electronic component technolopics have
advanced to the point where they could improveeffiicney
and rcliability of PCSs.  These new technologies 1w tadk
PICs, smart power, ASICs, novel integrated ( ncumt{l()
architecture, and improved packaging techniques. Soincnicw
semiconductor devices have matured to the pointof [y
currently available for J'('S applications.

T h e term Smart Power refers [0 integration of pov ¢y,
control, protection, and sensing functions intoonepabay,
The term Power Integrated Circuit refers to mowolhith
structure capable of petforing power switching oud controd
functions.  That is, both logic gates and powcrd ~1111111
devices arc put on the same chip instead of building separat
chips and wiring themntogether. Powerintegrated circurtsare
integratcd over an entire wafer.  Rather than muaking
individual chips on a wafer, dicing them, ani then
interconnecting the.m to make a system, all the duevicesof;
system arc integrated in onc monolithic process  Lop e tn
device drivers and high-voltage output devices are « vupled
Somctimes, the terms Smar t Power and Power I nteg oated
Circuits arc used interchangeably.

A ¢ ombinston of highvoltage and high fiequency in smart
powerdesivns peniits theuse of digital control such as PWM
contiol, tesalongn hiph efficicncy designs with efficiency
up 1o 9 peiecpt and in sebstantial reductions in voluine and
werght I many applec ahions where there is a need of a
v dicnt ed low voltape pov c supply for control purposesthis
tequircinent ay  be o climinated  in Smart power
implementation. 1 his roay significantly reduce the total
p(»\\cn.\yslun\‘-'(‘ii‘,?ll‘\'u!um(' and cost,

Smut pewes nuplementation enhances the rehability of
power systei n becavse of doamatic reduction in the number of
separate patlsalong weith associated reduction in failure rate.
Since PIC high voltage 1ating exceeds the operating voltage,
the soltage margin IS increased  resulting in higher
reliabnlity. Reduw ednombes of interconnections  also
cubiete oy the aeliability  Silicon tequitements is greater in
PIC ftiplementation than that tequired i n o implementation
ustng contiel chips and power convers fon using discrete
devices However, this additional silicon provides the
isolation betwecn the two Circuits.

I addition, withsmallcr size, no external pails, higher
ficquency, better feedback and lower production cost, the PIC
itnplemicntation becomes more compact and attractive. With
increacing voltage, the (II( size is larger, With incieasing
applicotions,  smaare power  implementation  is cheaper.
Similarly, for higher correat, the dic si7c is larger aud more
expensive. However, asthe production quantity increase s,
new tevhnolopies and packaging techniques will emerge. A's
a resalt, the costwiltdefimtely come down as in cases of
other  semiconductor  devices (Das, R., Krauthamer, S.,
Bulawla, A, 1990).

MARKETOFPORTUNITIES AND DECREASING
COsT

A's smart powes technology matures and its ratings
inciense, the market o f ity applica tions  will expand.
Presently, smad powestechnology frnds applications  in
clec tiic al applia nees, instru mentation, brushless DC motors,
steppat motors,  flat panel  displays, automatic  tests
cquip moenl avi omcs, prntcrs, seoutity systems, automobiles
and telccommunications However terrestrial, space military
andancraft powersystemswill find increasing use of this
techimlogy acit matwes snd its veltage and c.uric.nt 1atings
inCreest ‘1 his ex pandling market will quickly include
photeveltaic systems, baltery chargers, AC motor diives,
robots, UPS and inverters

‘1 hetcare many types of sinait power and power integrated
circuit devicesforvariousapplications.  “r’heir input/output
ratings are i fferent ‘1 hey are manufactured by various
manuiacrers Frommiufacturer’s data books, it is clear
that t ardware docs existforpower conversion, control and
protection, and ranges extend trom low-end to high-end O f
volt agc and cunent ‘Thetiend continues towards higher
ranges of voltage and cunrentiatings, covering an increasing
numbcrof applications “Tabile | shows which manufacturer



currently produces which type of hardware, ‘This "Fablc hi s
been developedto provide an overview of the marl ctplaccht
dots not nccessarily cover all manufacturers.

HARDWARI 1 YPES MANUFACTUR H

DC/AOC CONVERTERS CALEX MANUFACTURING G0 IN

INVERTER BRIDGE S, HV POWER SUP., DRIVEHS OOLME R SEMICONDUCTOR I .
DC/DC CONVERTERS CONVERSION DEVICES INC
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OC/AC SOLID STATE SWITCHES, INVRT Ry BRIDGE § GENTRON CORPORATION
AC/DC CONVERTERS, DRIVE 1S HARRIS SEMICONDUC1Oft
INVERTER BRIDGE S. DRIVERS INTERNATIONAL RECTIFIER
PIC's, INVERTER BRIDG £S5, DRIVE HS, INVEH1 t K> IXYS CORPORATION

DRIVERS LINEAR TECHNOLOGY CORPUA! Tior
BAT 1. CHRGRS, DCADC CONVR | RS, REGULAYORS MAXIM INTEGRAT ED PROUKK s
LOW & HIGH S10[ DRIVE RS MICREL INC

INVERTER BRIDGE & MOTOROLA

BAT 1 ENY CHARGERS NATIONAL SEMICONDUCT OF
DRIVERS OMNIREL CORPORATION
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DCOC CONVERYERS, DRIVERS, RE GULATORS TOKO AMERICA ING
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BATTERY CHARGERS, REGUA1OR3, DRIVE HS UNITRODE INTEGRATED Ciit 20 &

TABLE 1. HARDWARE MANUFACTURED BY DIfFt (EN!
MANUFACTURERS

Generally, the selling price/kW for various cle Gon
products decreases with their increasing kWrating. In
addition, the cost is gencially lower with highciprododion
volume. In the case of PCS hardware, it is foundthalti¢
decreasing price has steeper slope for scaldhanfor
production quantity. Thatis, larger module sizes havdlow:i
costs pcr watt for the same production volume.  |igwe |
shows a curve indicating cconomy of productionvolumdfor
PCS hardware. Similarly, Figure 2 shows economy ofsci le
(Krauthamer, S. ¢t al, 1995), (Bulawka, A. ct al, 1994), a4}
(Bulawka, A. ct al, 1994).
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PIC wweehnolopy, whenfelly developed in terms  of ratings
and isolation, willof fcr anopportunity 10 make significant
improvements inncost and petformance, and offer promise of
meeting (he- U S. Depatnent of Energy (IDOE) cost and
petformance goals. Althovgh the usc of PICs will be initially
litnited 10 siall and internicdiate- size PCS, large PCS may
also ase then

A typical prowth patiein of smart power technology with
application potentialin various industrial sectors suchas
militiry an 1 az2rosp ac¢,  cutomotive, telecommunication,
clectionic d ra processing and industrial power and speed
contiol is indicated in ) a1gote 3. Needless to say, the PIC
mat ketis enornovs snd g1owing, (Smith, 1980)

F

12, e . . R
1050
104 | T B
830
&0 e e e .«..-A_.m_s-[ Z
€20 . %
, /
) 436 V, /
[T ;;;’/ Z /
200
Ay v
al .
od 7 %l/ /|/.- ( (. . 3 /.[[ T
1989 1890 19%1 1992 1993 19941995 1906 1997

L., et ——

FIGURE 3. POTENTIALSAL fs oF SMART POWER
INTEGRATtOCIRCINTS IN MILLION OF DOLLARS

U.S. GOVERNMINTENERGY PROGRAMS

Theie are many achivitics supported by the DOE that will
assist in realization of full potential of smart power
tc chnology and help meet DOE goals. For example, as part of
the Nat ional Photovoltaic  Program’s  Balance-of-System




Initiative, DOE through Sandia National Laboratoyy (SN 1’V
Systems Applications Department funded an ¢fioriy,
determine the status o f smart power and P1C t¢ ¢ hnolopic
This effort w as intended to provide literature resear b, ad
cvalua [ion of avail ablenewsmart power comporints s b'i(
te chnologics that arc applicable [0 PV syster o, and 1he
associated 1°(¢ss.

As a result, the first workshop on smart power was he ld al
the California Institute of ‘Technology (Caltech) oii N L D,
1987,  Many presentations  were made [0 covear buth
technology anrt applications.  The workshop cond lodi-d that
no real technical barrici existed that would prevant  [L(
application of smatt powetrconceptsto PV-specific sy«uir,
On addition, solutions 1 0 current reliability prolilo s (it
constrain PV systems operations today may be  volv vd hy
using smart power (Krauthamer, S. ¢t al, 1995).

Much development had occunied in PIC and simartpove
devices and their applications since the fust word <hog
Therefore, a second workshop was held on De:cnibicg sy,
1993, at Caltech. Sponsors included DOE-PV, SNI., Nuation
Rencwable Energy Laboratory (NREL), Interagenc y Advani
Power Group (JAPG), E PRI, Power Elcctronics Appliciticns
Center (P’EAC), and JPL..Hlighcaliber individuals frotesnnit
power manufacturers notonly participated inthisuglly
advertised, high quality works hop, but demonstiated the i
enthusiasm and commitment to 1’V PCS developie s a8
well.

Theresults of this workshop were four-fold First ahig
workshop provided an understanding of the currentstateot-
the-art of smart power and PIC technology.  Sccond  the
strengths and tec hnological barriers of PIC techniology wi e
identified. I'bird, usage of PIC technology in various} 'V
applications was identificd. Fourth, programmatic st pu o
further the uses of the smart power techuology wie
identificd  These arc: (1) develop a plan to transfcl srord
power/1'IC’ technology from smart power industry to I'V IS
industry, (2) develop R&D program toideutifysmit
power/Pl~ devices for integration into PV P('S unitc (1)
establish and maint ain a current database on  smari pow 1 0
hardware, (4)plan and organizea workshop onsmiripow
in 1995, and 5) monitor the development of a sidl 110V
AC (50W or less) modular inver ter adaptable [o PV nuocinde s,
under SBIR and other programs (Krauthames, S, ctal 94,
1994).

A PCS cffort currently underway and tailor- made fins it
power technology is oncusing an integrated, near iy
monolithic, PCS to furthc:  the concept of an"ACl'Y
module”. This effort is being supported by funding ficuntte
Environmental Protection Agency (EPA), SBIR, and SNI
The AC PV module concept was discussed withintheI») 1 v
programas carly as 1975, but the necessary electioni. wis
not of 28¢ at thattime. An “AC PV module” would fa o tae
expansion of installed PV systcms and add new dimcnao
The ideahere is to usc a hybridized PCS integrated voith iy
power module on the panclitself for AC or DCoutp 1 A

con bination of higt volispe andhigh frequency opcrationin
st powes desigrs will penmit the Use. of digital control
suc boas WML qesolting in high efficiency  designs.
Ffivicncics of upto 9Specentand Substantial reductionsin
volu m ani weipht w oblainable. Smart  power
mpicmentation (oald  ahancethe  reliability ot a PCS
becauc ot dramatcredutonm the number of disciete parts.
Redaces number of interconnections also enhances the
rchabulity, smalle 1 siee, no external parts, higher operating
ficquency, betier fecdback and lower produiction cost,
enhizne es th creliability Stallersize, no exte nal parts,
hipler  operating fiequer ¢y, better feedback and lower
DI0 A11(von  cost,  enhan (S smart  power and  PIC
implementation in PCS diosipns. Other countries such as the
Nctberlamds are active ynads sueing and using “A(” pancls™.

1 Photovolt aic Man itactur ing Technology (PVMaT)
ptojectis ahistoticpovermment/industry partnership to carry
out research and devd Jojinent (R&D) in the area o f
photoyoltaic (I'V) nanefoac luting. PYMaT consists of  joint
aclivitiecs betweenthe 110 S Departinent of Energy (DOF) and
micinbers of the [0S 'V @ stiy. The project’s ultimate goal
is to ensure that (L. s industy not only retains but extendsits
world leadc iship 1olein tuanufacturing an d  commercially
devdloping 'V ecomponentsand systems.

DOD/SERDE)s @ joint DOF/DOIYEPA program on encrgy
CONSCIvVation /renewable tesources Fundings for 1991, 1993
and 19 Jware $4,0K0K cacli year with completion projected
it 2001, Thoeacfourdevelopment stages required 10
itoplement PV inte a DOD application class. These arc.:

. T hnology development
* 1 echnology demonstration
«  Application vahidation, and

. Iupleicntation

Modular powe tprocessing hardwate for PV applications i s
an objective (1f the Small Business innovative Research
(SBI R) progiam Theie is aneed for modular  and
manufacturanle I'(S hardw; rethatis a multipurpose  electronic
cornvericr  with code- certifrable  solid state AC and DC
interfa ¢s and control ¢ir cu (v, 14tger modular sizes (S0-?50
kKW)oo, necded for PV operstion in conjunction  with
battene o, disel penerators andfuel cells for applications.
The ues of the state-of-the art technology such as AS ICs,
Pl As, and nnctoproc essons 1s enc ouraged to promote modular
designs that can use  advanced automated manufacturing
processes. Sralicr (50 2250W) PY module PCSs that operate
asanintegral past of availuble PV modules and provide an
output of 1 I(IV at 6017 of utility quality power are currently
being: developed. Conuncicialization of this development
couldrevolutionize the PV indusury by providing an “AC PV
module” thathasbmlt-in maximum power point [racking and
AC sataty interface functions It could essentially be an AC
appliance thi o supplies powe 1, and would avoid the DC’-side
issues  of  wuay  mismatching, array  utili?.alien,  and
shadowing Utility-side conacctions would still have to meet



applicable codes but the interface would be casier with proven
devices.

POWER ELECYRONIC
(PEBB)

The first pawer clectronic revolution has been developu v |
of smarl power and power integrated circuits, e oy
development program js taking full advantage of metis of
[his technology in terms of size, cost and petformanccin o
attempt to make 'V power system competitive with ot
sources of power and used at alargescale.  The s¢ con
clectronic  revolution  is  curiently  underway  n e
development of power electronic building block ('1 BB i
the officcof Naval Reserve in the U. s, Departnient o114
Navy. Thiseffort is supported by the EV-DOFPiopia
major Amcriican manufacturers, and universitics I'h vl
here is 10 shift power engincering for circuit de iy,
systems designsuchithat complex power electionictircas
will be replaced with a single device, development and desiyn
costs for complex power circuits will be reducaed ad
development and design of large electric powersystoinsw 11
be specificd. Navy is contemplating applications of suh
building blocks in bus transfer switches, circuit bicabers,
actuators, adjustable speed drivers, inverters and conveyics,
power supplies and motor controllers. The netresult of Pidiz
applications will be digitally controlled power, flex ot e
system architecture, automated manufacture and reduced cost

BUILDING BLOGKS

The PEBB essentially consists o f DC-AC conve rsinm
switch, input and output filters, and required controls.  Fipu:e
4 shows a PEBB conceptual representation. Some functional
details arc shown in Figure 5. PEBB is going to beaic illl)
because of its real ability in improving controls ofhigh
currents and voltage, increasing system  rcliability a3
reduced cost. It affords usc of power electronicsma w1
range of applications. However, there are some technic 1)
issues related to the full-scale developmentof PHBR Fhe.c
issues include. processing of semiconductors, MClchiyps,
driver and control, packaging and systcmintegiaticn
Certain strategics arc being pursued to address theseissuis
These include (i) the usc of concurrentiesearch and
engineering by developing components by integiating PIHR
and by enginceiing applications (i) developmcntof
intermediate  product  demonstrations by dcmonstusting
different  prototypes  and by  providing feodbach  1ox
establishing  research priority and (iii) promotion  of
commerci aliz ation by producing large production volumes
and by demonstrating PEBB reliability.  In other vor s,
development of PEBB includes both product and process
development.

U.S. Navy’s ecfforts in developing PEBB arc direcocd
towards significant cost and performanceinmprovementsing
variety of their applications.  They arc taking a 11111111
directional approach: form research on magor improvem nt
in  solid-stated  switching  technology, integiatc  SF
technology into solid state switches, dec velop packaging
technology, definc system architectures for PHRESs, dovelog
system applications and demonstrations, provide leadieishiy

for development  of mcihods  and  practices  in power
clectionics, and develop devices in consort with industry (o
facilitate commercial markets
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FIGURE 5 FURNCTIONAL DETAILS OF A PEBB

Apparently, theie s a synergism between  PEBB
devdopmenl e ffort of the U.S. Navy and Smart Power activity
of U.S. Department of 1 o.ncryy for PV power program. ‘The
objective is the same:  improvement of performance at
reduced cost invatious applications using power electionic
powes conversion. Smattpower is the core of both efforts.
PIBB uses the block of subsystems concept and can be used
in PV systems, especially in “PY ACmodule™. As a result of
this synergist, the 1. s DO PY Program is currently
participating ircthe PEBE &4 a micans of supporting an R&D




effortfor future PV PCS.PEBB development effartis | X4
current focus in PCS development.

CONCLUSIONS

RBased on survey and evaluat jon of activitics in the v1oi of
comnicrcialization of PV power, somc conclusions ¢, ub
made. These arc:

1. The cost of PCS for photovoltaic power systeimsusiig
S1/PIC technologies will be decreasing withviolue
thereby reducing cost/kW of PV power.

2. The cfficiency and reliability of PCSusing SEYPIC v
improve with their development and ratings

3. There is a growing syncigism between goven i n
programs and within the industry. Industry is 1esponsive
and governnent programs encourage industey thr o vh
technology transfer.

4. Development of “AC panels” in U.S. and othes ¢Guniries
is growing. This  will lead to Harpe sl
commercialization.

5. Government cfforts t o promote applications of Srow,
Powerin PV applications and to stimulate activitiesir
PEBB Program within the Government  scctors @ s
private sectors must continue.

6. Technology  transfer through workshops ad
publications must beencouraged to stirnulale 0w
interest in PV applications and commercializstion
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